This paper presents the results on single-shot laser micromachining of filtered arc deposited TiN films and compares the machining characteristics of the films deposited under partially and fully filtered conditions. Machining performance was evaluated in terms of patterning quality and the ability to perform selective removal of top TiN film with minimal interference to an underlying layer. TiN was arc-deposited onto silicon substrate with a chromium layer on the top. These films were analysed for their composition and microstructure using Rutherford Backscattering Spectroscopy (RBS) and Scanning Electron Microscopy (SEM) before and after laser machining. Under single shot conditions the effect of fluence on the machined features has been investigated. The results showed selective removal of TiN films with a single shot from the underlying Cr layer. Further, this work clearly shows a distinction between the laser machining characteristics of the films deposited under different filtering conditions and substrate temperatures.
INTRODUCTION
The importance of Titanium Nitride (TiN) as an industrial material has grown considerably in recent years. TiN is used as a hard coating in the tooling industry as it possesses favourable tribological properties including high hardness and wear resistance. TiN is also a CMOS compatible material and has been used as a diffusion barrier in microelectronic applications 1 . Due to being CMOS compatible and possessing favourable mechanical properties, TiN could be considered a potential candidate for surface micromachined MEMS in applications such as sensors and actuators. Furthermore, the full benefit of MEMS devices will only be achieved through successful integration of MEMS with Integrated Circuits, so as to realise the sensor, actuator and relevant signal processing circuitry on a single chip. As a result, the selection of TiN in the present context will only be feasible provided films can be applied within the temperature limitation imposed by the IC processing technology. Exposing ICs to temperatures over 500ºC is undesirable as thermal diffusion can occur causing irreversible damage to the designed circuitry. Hence, in this work we chose to investigate the patterning of TiN films prepared by cathodic arc deposition, because this technique can be used to deposit films at relatively low temperature. One of the problems with films deposited by arc evaporation is the presence of macroparticles of up to tens of microns in diameter in the film. The presence of such large macroparticles can degrade the film properties, which limits the potential use of these films in many applications. For this reason considerable effort has been expended in reducing or eliminating macroparticles from the coating through the use of filters. Filtering of TiN films, in particular, has received considerable interest and this has led to the successful deposition of particle free coatings with considerable improvement in the wear resistance and other mechanical properties of the films 2 . Hence, in this paper we chose to compare the micromachining characteristics of the films deposited under partially and fully filtered conditions. During the fabrication of any MEMS device, material compatibility and mechanical integrity must exist between structural and sacrificial layers. Achieving selectivity between contacting layers is crucial for many applications and generally involves patterning the structural layer with minimal interference to any underlying layer 3 . Among the different etching methods used to achieve layer selectivity, photolithographic wet etching and reactive ion etching are the most frequently employed techniques [4] [5] [6] [7] . These methods involve labour intensive processing steps. In this context, an excimer laser can be used as a tool for surface micromachining of the structural TiN layers. The advantage of this technology is that it can be used to directly ablate a variety of materials, including thin metallic films 8 . However, in our earlier work we demonstrated that multi-shot ablation of thin film can result in damage to the underlying material 9 . Thus, the present study was confined to single shot ablation so as to achieve acceptable quality of the patterned TiN structures, with minimal or no damage to the chromium underlayer.
EXPERIMENTAL
The fabrication process in this work started using a standard cleaning solution for (100) silicon, namely, RCA1 -10%HF -RCA2. The substrates were initially coated with chromium films of different thicknesses using a DC magnetron sputtering system. TiN films were arc-deposited onto the Cr underlayers using a dual source filtered arc deposition system in the partially filtered and fully filtered modes (see fig. 1 below) . During deposition, a titanium cathode (58 mm diameter) was operated in a nitrogen pressure range of 6-7 x 10 -3 mbar. In the partially filtered mode three deposition runs were carried out with the Cr coated substrates at fixed starting temperatures of 25, 200, 300ºC. A starting temperature of 300ºC was selected for the fully filtered runs in order to provide maximum adhesion, as film deposition at a starting temperature of 25ºC was unsuccessful due to poor adhesion. In the runs conducted under partially filtered conditions, the substrates were rotated at 8 RPM using a planetary rotation system, while those deposited under fully filtered condition were not rotated. The substrate was biased at -150 V during both the partially and fully filtered coating runs. The samples were micromachined using an excimer laser 9 . Single shot machining was performed at different fluences in the range 0.2 to 1.6 J/cm 2 . The laser pulse energies were calibrated at the surface of the workpiece using a pyroelectric energy monitor (Molectron Type JD25). A test pattern was used to determine the patterning quality and the ability to selectively remove TiN with minimal interference to the underlying Cr layer.
The deposited films were analysed for composition using Rutherford Backscattering Spectroscopy (RBS). After patterning, the machined areas were examined using laser scanning confocal microscopy (LSCM) and scanning electron microscopy (SEM). In order to evaluate the presence of selective machining on laser-machined sites, RBS was also conducted to determine the elemental composition of the exposed surface. The LSCM was performed using an Olympus OLS1100 He:Ne laser scanning microscope. The SEM analysis was carried out using a JEOL JSM840 scanning electron microscope equipped with a backscatter electron detector and a Tracor Northern X-ray detector for energydispersive spectrometry (EDS).
The RBS was performed using a 2.0 MeV He ++ ion beam (collimated to 1 mm diameter) accelerated by a Van de Graff accelerator. The detector was fixed at 169º to the beam direction. Spectra were accumulated for a total of 20 µC measured with a sensitive Faraday cup arrangement. The detector was connected to a multichannel analyser, which counted the beam scattered yield from the sample. The obtained spectra were analysed for elemental composition with the commonly used simulation package RUMP 10 . fig. 2 (a) was machined at a fluence of 1.60 J/cm 2 and shows the best quality patterning. The dashed lines illustrate the projected mask pattern and provide a means of determining the quality of film patterning. The site in fig. 2 (b) was machined at 1.22 J/cm 2 . It can be seen from this image that patterning quality reduces as laser fluence decreases. Furthermore, it can be seen in fig. 2 (c) that reducing the fluence to 0.99 J/cm 2 resulted in TiN not being selectively removed. It must be noted that fig.2 (c) is a light intensity image that has been included to highlight the machined area, even though selective machining did not occur. 
RESULTS AND DISCUSSION

Laser machining of partially filtered TiN on chromium underlayer
(a) (c) (b)
To confirm the complete removal of TiN in the patterned region, EDS analysis was performed at a selected point indicated by the arrowed dot in fig. 3 . The EDS spectrum shown in fig. 3 clearly indicates the complete removal of TiN by the absence of any peak relating to Ti. Moreover, the large peaks of Cr confirm the chromium underlayer is exposed. The presence of the weak silicon peak is attributed to the penetration of the X-rays through the chromium layer into the silicon substrate. In order to understand the effect of thickness of the chromium layer on the ablation of TiN film, we laser machined another sample with a chromium layer thickness of 400 nm, while keeping the TiN layer to a thickness 400 nm. With all other conditions remaining the same, selective machining of TiN was observed.
Successfully depositing TiN films with a starting temperature of 25ºC to thicknesses greater than 400 nm was difficult achieve. It is well known that stress in a PVD films is proportional to film thickness, and therefore increasing the thickness will ultimately cause poorly adhered films to delaminate prematurely. This was observed and in order to improve the adhesion of the films, higher substrate temperatures were employed. The images of the laser micromachined TiN films deposited at 200 and 300ºC are shown in figures 4 (a and b) respectively. Thickness of the TiN and Cr films used in this experiment were 500 and 450 nm respectively. The laser fluence was fixed at 1.53 J/cm 2 . From these figures, it is clear that no selective machining has occurred in both cases even at such a high fluence, however surface cracking was observed. Comparison of the laser micromachined sites on these samples with those deposited at 25ºC clearly shows a marked difference in the machining characteristics. Films deposited at 25ºC exhibited selective micromachining, while films deposited at higher starting temperatures did not show selective removal. This means the laser ablation threshold of these films is much higher than those deposited at 25ºC. Though the increase in thickness (from 400 nm to 500 nm) would account for some increase in the ablation threshold, this is expected to only be in the order of 10's mJ/cm 2 and not 100's mJ/cm 2 as expected from the observations in this study. Further, it is also important to understand the effect of substrate temperature on the properties of the films. For example, it is well known that a higher substrate temperature provides more energy to the adatoms condensed on the substrate surface facilitating greater mobility, which ultimately results in much denser films. Although the increased energy is expected to promote a high degree of bulk diffusion across the interface and improve adhesion, at the substrate temperatures used in this study the probability for such strong interface formation may be less. Also, higher substrate temperatures during deposition are known to change the crystallographic orientation of TiN films and reduce the film stress. 11 . Some of these effects might also result in the increased ablation thresholds during laser micromachining, however this needs further study with different film thicknesses.
Laser machining of fully filtered TiN on chromium underlayer
The confocal images of laser micromachined TiN film deposited by filtered arc deposition in a fully filtered condition at 300ºC are shown in fig.5 . The thickness of the TiN and Cr layers was 450 nm and 900 nm respectively. The confocal images in fig.5 (a, b, c and d) show TiN film patterned at fluences at 1.22, 0.99, 0.57 and 0.39 J/cm 2 respectively. Figures 5 (a, b and c) clearly show the selective removal of TiN with excellent contrast between the patterned area and the film area. Confirmation of the selective removal of TiN from the chromium underlayer was obtained using RBS analysis of a sample machined at 1.22 J/cm 2 . In terms of machined edge quality, the site in fig. 5 (a) shows the best patterning observed in the study. However, this site shows an undesirable patterning feature in a removed region of cross channel connected between the two test patterns (as indicated by the arrow). This patterning phenomenon was also observed at other regions in the same machined site and is mostly likely due the laser fluence being too high. The machined site in fig.5 (b) shows slightly reduced edge quality to the site in fig. 5 (a) The results obtained from laser patterning of fully filtered TiN using a single shot differ greatly from those deposited under partially filtered conditions. The laser fluence required to produce the best quality patterning in the fully filtered film ( fig. 5 (b) ) was around 38% lower than that for the partially filtered film ( fig. 2 (a) ). Similarly, the fully filtered films required only 50% of the fluence required by the partially filtered films to show selectively removed regions of TiN. These results show that marked differences exist in the patterning ability of fully filtered TiN compared to partially filtered TiN. This difference could arise from the degree of plasma filtering, affecting the crystal orientation, microstructure and intrinsic stress levels in the as deposited films. The investigations to determine the exact reason for the difference in the laser machining characteristics are in progress.
RBS analysis of TiN films indicated that the films are stoichiometric. A detailed analysis of the as deposited films is discussed elsewhere 9 . However, in the present investigations RBS analysis was conducted to evaluate the presence of selective machining on laser-machined sites. Fig. 6 compares the RBS spectra of the laser machined TiN films deposited in both the partially and fully filtered modes. For comparison purposes, the fluence used in the laser machining process was fixed at 1.22 J/cm 2 . These spectra show selective machining of TiN from Cr underlayer. The peaks representing the presence of chromium film with no traces of titanium indicate this. It is interesting to note that (c)
both spectra show slight interdiffusion between the chromium film and the silicon substrate after one laser shot. The chromium films also seem to be oxidised. 
CONCLUSIONS
This paper reports the micromachining characteristics of TiN from Cr underlayer on (100) silicon substrate. Single shot laser machining was performed using a KrF excimer laser at a wavelength of 248 nm. Machining performance was determined by investigating layer selectivity and quality of patterned features. Results show that TiN film deposited at an initial temperature of 25ºC under partially filtered conditions was selectively machined from 400 nm and 1000 nm thick Cr layers. Single shot selective laser machining of partially filtered TiN film from Cr on Si was not observed when the substrate temperature was increased to 200ºC and 300ºC. In this case the fluence necessary to selective removal TiN needs to be higher than that performed in this study, although further investigation is required to explain why. Selective machining of TiN deposited at 300ºC under fully filtered conditions was observed. In contrast, the fluence required for micromachining of TiN prepared under fully filtered conditions was much lower than that of partially filtered films. 
